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Transcription-coupled repair (TCR) is essential for the rapid, pref-
erential removal of DNA damage in active genes. The large subunit
of RNA polymerase (Pol) Il is ubiquitinated in cells after UV-
irradiation or cisplatin treatment, which induces DNA damage
preferentially repaired by TCR. Several human mutations, such as
Cockayne syndrome complementation groups A and B, are defec-
tive in TCR and incapable of Pol Il ubiquitination upon DNA
damage. Here we demonstrate a correlation between ubiquitina-
tion of RNA Pol Il and arrest of transcription in vitro. Ubiquitination
of Pol Il is significantly induced by a-amanitin, an amatoxin that
blocks Pol Il elongation and causes its degradation in cells. Pol Il
undergoes similar ubiquitination on DNA containing cisplatin ad-
ducts that arrest transcription. Stimulation of ubiquitination re-
quires the addition of template DNA and does not occur in the
presence of an antibody to the general transcription factor TFIIB,
indicating the transcription dependence of the reaction. We
propose that components of the reaction recognize elongating
Pol II-DNA complexes arrested by a-amanitin or cisplatin lesions,
triggering ubiquitination.

Transcription—coupled repair (TCR) is a cellular pathway for
the removal of the many lesions that block and arrest
transcription. TCR is responsible for the rapid and preferential
repair of damage in the transcribed strand of active genes (1-3).
Specific mutations in genes are known to cause defects in TCR,
including Cockayne syndrome (CS) complementation groups A
and B which debilitate TCR of UV- and oxidative-damage-
induced lesions (4, 5), and the breast cancer susceptibility gene
BRCA1I, which is defective in TCR of oxidative DNA damage (6,
7). Lesions induced by chemotherapeutic agents such as cisplatin
are also removed by TCR (8, 9), implicating TCR in the
differential response of cells to cancer treatment.

The recent discovery that UV-irradiation or cisplatin treat-
ment of cells induces ubiquitination of the large subunit of RNA
polymerase II (Pol IT LS) and its degradation (10, 11) suggested
a biochemical link between ubiquitination and DNA repair. The
ubiquitinated Pol II is hyperphosphorylated on the carboxyl-
terminal domain (CTD) of Pol II LS (10). Ubiquitination was not
observed in TCR-deficient CSA and CSB cells but could be
restored upon transfection of their respective cDNAs (10). These
results further indicate a relevance of Pol IT ubiquitination to the
mechanism of action of cisplatin. This chemotherapeutic agent
is routinely used in cancer treatment against otherwise resistant
solid tumors, such as encountered in testicular, ovarian, and
breast cancer (12).

Interestingly, Pol II undergoes degradation in cells treated
with a-amanitin, an inhibitor of its transcription (13). This
amatoxin binds specifically to RNA Pol IT (14, 15), and it arrests
the elongating polymerase in a conformation that inhibits in-
corporation of a subsequent nucleoside triphosphate to the
nascent RNA transcript (16, 17). Pol II transcription inhibition
by a-amanitin may resemble its transcription arrest at a DNA
lesion. It is not known whether a-amanitin dependent degrada-
tion of Pol II is mediated by the ubiquitin pathway.

To understand the cellular response to DNA damage during
transcription, we have investigated transcription- and DNA-
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damage-dependent ubiquitination of RNA Pol II in vitro. We
significantly modified the original in vitro assay for ubiquitination
of Pol IT (18) to increase its sensitivity. In addition, we compared
nuclear extracts from cells at different cell cycle stages to
optimize ubiquitination activity.

Materials and Methods

Chemical Reagents. a-Amanitin and His-tagged ubiquitin (His-
Ub) were purchased from Calbiochem. Aphidicolin, hydroxyu-
rea, and nocodazole (methyl [5-(2-thienylcarbonyl)-1H-
benzimidazol-2-yl]-carbamate) were purchased from Sigma-—
Aldrich. N-Phospho-N-acetyl-L-aspartate (PALA) was obtained
from the Drug Biosynthesis and Chemistry Branch, Develop-
mental Therapeutics Program, Division of Cancer Treatment,
National Cancer Institute (Bethesda, MD). Cisplatin was pro-
vided by Johnson Matthey (West Chester, PA).

Preparation of Nuclear Extracts. Nuclear extracts were prepared
from HeLa cells as described (19). Cells were maintained in
MEM with 10% horse serum (GIBCO/BRL) at 37°C at a cell
density of 0.5-1.0 X 10° cells per ml.

To arrest HeLa cells at different stages, cells were grown
either in spinner flasks to 0.5 X 10° cells per ml as above, or on
plates in DME containing 10% heat-inactivated FBS (GIBCO/
BRL) to 30-50% confluency. The cells were then serum-starved
for 16 h by replacing the serum-containing medium with serum-
free medium. Serum was added back to the medium to a final
concentration of 10% on the following day, and cells were
incubated for a further 8 h before the addition of various drugs
to a final concentration of 1 pg/ml aphidicolin, 750 uM hy-
droxyurea, 0.1 ug/ml nocodazole, and 500 uM PALA, respec-
tively. Cells were incubated with the drugs for 16 h before
harvesting.

For analysis of drug-treated cells, 1 X 10° cells in PBS were
permeabilized with 95% ethanol and stained by incubating with
RNase A (200 pg/ml, Calbiochem) and propidium iodide (4
pg/ml, Sigma-Aldrich). The stained cells were analyzed in a
fluorescence-activated cell sorter (FACSCalibur, Becton Dick-
inson) and cell cycle stages were determined with the MODFIT LT
program.

Platination of Plasmid DNA. Plasmids pUC19 (New England Bio-
labs), pGS5MLP-G380 (obtained from D. Tantin, Massachusetts
Institute of Technology), pUC118-296 (obtained from C. Kneip,
Massachusetts Institute of Technology), pHI'V+TAR-G400 and
pHIVATAR-G100 (20) were prepared from overnight cultures
of plasmid-harboring JM109 (Promega) in LB medium by using
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a Promega Wizard Midi-prep kit. pGSMLP-G380 contained the
major late promoter (MLP) with a 380-bp G-less cassette
inserted 10 bp downstream of the initiation site. pUC118-296
contained the MLP and 5S rDNA nucleosome positioning
sequences (21).

The cis-[Pt(NH3)2(H,0),]>* cation (activated form of cispla-
tin) was prepared by stirring a solution of cis-Pt(NH3),Cl, (6.4
mg, 0.021 mmol) with 1.98 molar equivalents of AgNO3 over-
night in the dark. Any precipitated AgCl was removed by
centrifugation, and the supernatant was diluted to a final con-
centration of 1 mM cis-[Pt(NH;3)2(H,0),]>" in water. Platination
of plasmids was achieved by incubating 0.043 nmol of DNA with
cis-[Pt(NH3)2(H20),)** at r¢ = 0.1 (where r; equals the number
of moles of drug added per mole of DNA nucleotide) in 100 ul
of 10 mM sodium phosphate (pH 6.8) for 16 h at 37°C. The
unbound platinum salt was removed by dialysis. The ratio of
platinum bound per nucleotide—i.e., the r, value—was deter-
mined by flameless atomic absorption spectroscopy (Perkin—
Elmer HGA-800 Analyst 300) and UV absorption spectroscopy
(Hewlett Packard 8453).

In Vitro Transcription Assay. Transcription reactions (25 ul) were
performed essentially as described (20). Nuclear extracts (30 ng)
were incubated at 30°C for 30 min in buffer 1 [10 mM Hepes—
KOH (pH 7.9)/10% (vol/vol) glycerol/60 mM KCl/7 mM
MgCl,/0.1 mM EDTA/1 mM ATP/10 mM creatine phos-
phate/12 ug/ml poly(I-C)/2 pg/ml poly(dG-dC)] containing 7
mM DTT, C/G/UTP mix (25:200:200 uM), 10 pCi of
[@-*?P]CTP [800 Ci (29,600 GBq)/mmol], and 200 ng of DNA
template. To study the effect of a-amanitin, the reactions were
preincubated at 30°C for 15 min in the absence or presence of 5
uM «-amanitin under the above conditions, but with the NTPs
and creatine phosphate added subsequently. The reactions were
then incubated for a further 30 min. To observe a complete
inhibition of transcription by a-amanitin, the preincubation step
was included to allow for sufficient drug binding to Pol II. For
the in vitro ubiquitination assay (see below), the results obtained
with or without preincubation with a-amanitin were similar. All
reactions were subjected to RNase T1 digestion at 37°C for 5
min, and G-less RNA transcripts were isolated and analyzed by
urea/PAGE as described (22). The gels were vacuum-dried
and autoradiographed with Kodak X-Omat film at —80°C for
24-40 h.

In Vitro Ubiquitination Assay. Reactions were set up as in in vitro
transcription assays with 60-70 wg nuclear extract in buffer 1
(which contains 1 mM ATP) with 1 ug of DNA template, 200
uM each of CTP, UTP, and GTP, and 1.25 pg of His-Ub.
Saturating levels of a-amanitin (5 uM) were added to the mix
where indicated. Reactions were incubated at 30°C for 45 min,
and His-ubiquitinated proteins were isolated by incubating at
4°C for 1 h with 20 ul of Ni-nitrilotriacetate (NTA) agarose
(Qiagen) in a final volume of 200 wl in buffer 2 [S0 mM sodium
phosphate (pH 7.9)/0.3 M NaCl/0.05% Tween 20] containing 10
mM imidazole. The Ni-NTA agarose was preblocked with 1
mg/ml BSA before use. After low-speed centrifugation (735 X
g), the Ni-agarose beads containing His-ubiquitinated proteins
were washed twice with 1 ml of buffer 2 containing 50 mM
imidazole. The Ni-bound proteins were eluted with SDS-loading
buffer [20 mM Tris'HCI (pH 6.8)/10% (vol/vol) glycerol/100
mM 2-mercaptoethanol/1% (wt/vol) SDS/0.02% bromophenol
blue] containing 0.1 M EDTA (pH 7.0). To analyze the protein
content, samples were boiled in SDS-loading buffer and elec-
trophoresed in SDS/7.5% polyacrylamide gels, followed by
electrotransfer to Immobilon-P membranes (Millipore).

Pol II was detected with N20 (Santa Cruz), a non-phospho-
specific rabbit polyclonal IgG. The phosphorylated form of Pol
II was detected with H5 or H14 (Covance), a mouse monoclonal
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Fig. 1. Ubiquitination of Pol Il is induced by a-amanitin in an in vitro assay.

Nuclear extracts from cells treated with aphidicolin were incubated in an in
vitro ubiquitination reaction with pUC118-296 in the absence or presence of
His-Ub and a-amanitin («-am). His-ubiquitinated proteins were selected on
Ni-NTA-agarose. Total (lanes 1-5), Ni-bound (lanes 6-10), and flow-through
fractions from the Ni-NTA-agarose (lanes 11-15) were analyzed by SDS/7.5%
PAGE and transferred to a poly(vinylidene difluoride) (PVDF) membrane. The
immunoblot was probed consecutively with antibodies to the N terminus of
RNA Pol Il (a; antibody N20), and the phosphorylated CTD of Pol Il (b; antibody
H14). Lanes 1, 6, and 11 show untreated nuclear extracts (SM, starting
material).

IgM that recognizes phosphoserine-2 or -5 of the CTD hep-
tapeptide repeat.

Results

a-Amanitin Stimulates Ubiquitination of RNA Pol II. To investigate a
possible correlation between ubiquitination of RNA Pol IT and
the arrest of transcription, we examined the effect of a-amanitin,
a Pol IT inhibitor, on polymerase ubiquitination in vitro. Previous
results suggested little or no effect of a-amanitin on in vitro
ubiquitination of polymerase in nuclear extracts from unsyn-
chronized cells (18). We prepared nuclear extracts from cells
arrested in G;/S phase by aphidicolin, a DNA «-Pol inhibitor
(23), and tested for a-amanitin-dependent ubiquitination of Pol
IT LS (see below for drug and cell cycle dependence). Cell cycle
stages were verified by fluorescence-activated cell sorter analysis
(not shown). To increase the sensitivity of the assay, His-Ub was
added to the reaction, and ubiquitinated proteins were selected
on Ni-NTA agarose and analyzed by Western blotting. The
reaction conditions were those used for transcription (see Ma-
terial and Methods).

SDS/PAGE of total unselected extracts and Western blot
analysis with a non-phospho-specific antibody to the N terminus
of Pol II LS (N20) revealed that hypophosphorylated Pol II
(Fig. 1a, lane 1) was converted to hyperphosphorylated Pol II,
during the reaction (Fig. la, lanes 2 and 4). Upon addition of
a-amanitin, a new slow-migrating band appeared (marked with
an asterisk in Fig. 1a, lanes 3 and 5). This slow-migrating band
was observed in the Ni-bound fraction only when His-Ub was
present in the reaction (Fig. 1a, lane 10), indicative of ubiquiti-
nation of RNA Pol II. The Pol II5 and II, bands recovered in the
Ni-NTA fractions in the absence of His-Ub are due to nonspe-
cific binding to Ni-agarose (Fig. la, lanes 7-8). When the
Western blot was stripped and reprobed with an antibody to the
phosphorylated CTD (H14), ubiquitinated Pol II was also de-
tected (marked with an asterisk in Fig. 15, lanes 3, 5, and 10). H14
recognizes phosphoserine-5 of the CTD heptapeptide repeat.
Similar results were obtained by using HS, another antibody that
specifically recognizes phosphoserine-2 of the CTD repeat (not
shown). Thus a-amanitin stimulates ubiquitination of Pol II LS,
and hyperphosphorylated Pol Il constitutes the ubiquitinated
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Fig.2. Comparison of ubiquitination and transcription activities of various drug-induced cell cycle stage nuclear extracts. (a) The in vitro ubiquitination assay
was performed as described in the legend of Fig. 1 with nuclear extracts from unsynchronized cells (lanes 1-3) as well as with cells treated, respectively, with
aphidicolin (lanes 4-6), hydroxyurea (HU) (lanes 7-9), PALA (lanes 10-12), and nocodazole (lanes 13-15). Reactions (containing His-Ub) were analyzed by
SDS/7.5% PAGE, and the immunoblots for the total (Upper) and Ni-bound (Lower) proteins are shown. The immunoblot of total extracts is shown at a lower
exposure time than that for the bound proteins to allow better resolution of protein bands. Lanes 1, 4, 7, 10, and 13 show untreated nuclear extracts. (b) Nuclear
extracts from unsynchronized cells (lanes 1 and 2), and cells arrested at the cell cycle stages of G1/S (lanes 3 and 4), S (lanes 5 and 6), and G,/M (lanes 7 and 8),
were incubated in an in vitro transcription reaction with pG5MLP-G380 containing a 380-bp G-less cassette (G380), in the absence and presence of a-amanitin,
respectively. Reactions were subsequently treated with RNase T1, and G-less transcripts were isolated and analyzed by 8 M urea/6% PAGE. An autoradiograph

of the gel is shown.

species, consistent with previous results (10). Only a small
percentage of Pol II (=5%) is ubiquitinated since, relative to the
input material (Fig. 1 a and b, lanes 1-5), most of the Pol I was
recovered in the fraction not bound to the column (flow-
through) (Fig. 1 a and b, lanes 11-15).

To determine whether ubiquitination activity varied at differ-
ent stages of the cell cycle when the cells were arrested by drug
treatment, we compared the activities of extracts from cells
treated with different cell-cycle inhibitors. The fraction of cells
at each stage was determined by fluorescence-activated cell
sorter analysis (not shown). Extracts from cells treated with
aphidicolin, hydroxyurea (a ribonucleotide reductase inhibitor;
ref. 24), or PALA (an inhibitor of de novo pyrimidine biosyn-
thesis; ref. 25), all showed similar levels of a-amanitin-induced
ubiquitination (Fig. 2a, lanes 5 and 6, 8§ and 9, and 11 and 12,
respectively). Consistent with previous findings (18), extracts
from unsynchronized cells did not show an appreciable o-
amanitin induction of ubiquitination (Fig. 2a, lanes 2 and 3).
G,/M extracts from cells treated with the microtubule inhibitor
nocodazole (26) gave a higher proportion of Pol Il to Pol IIo
under the reaction conditions (Fig. 2a, total, lanes 13-15), but
showed little or no ubiquitination (Fig. 2a, bound, lanes 14 and
15). In parallel work, we compared in vitro transcription activities
of the different extracts by using pGSMLP-G380, which contains
an MLP and a 380-bp G-less cassette (G380). The amount of
G380 transcript produced by G;/S and S extracts after RNase T1
digestion was approximately 2-fold higher (Fig. 2b, lanes 3 and
5) than extracts from unsynchronized cells (Fig. 2b, lane 1),
whereas that of G,/M extracts was considerably lower (Fig. 2b,
lane 7). In all cases, a-amanitin inhibited transcription as judged
by disappearance of the transcript (Fig. 2b, lanes 2, 4, 6, and 8).

Dependence of Ubiquitination on DNA. Because a-amanitin binds to
Pol II itself (15, 27), we studied whether ubiquitination of
polymerase caused by a-amanitin depends on the presence of
DNA. We titrated the ubiquitination reaction against increasing
concentrations of template DNA (Fig. 3). In the absence of
DNA, only low-level or background ubiquitination of Pol was
observed (Fig. 3, lanes 3 and 4). When a promoter-containing
DNA (pUC118-296) was present, the extent of ubiquitination
with a-amanitin increased with increasing amounts of DNA until
1.2 ug of template was added to the reaction (Fig. 3, lanes 5-10).
The level of ubiquitination, however, declined upon further
addition of DNA (Fig. 3, lane 12). Therefore, a-amanitin induces
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ubiquitination dependent upon the presence of DNA, probably
by interacting with Pol II-DNA complexes during transcription.
This stimulation could not be recapitulated by nucleotide de-
pletion or termination of transcription by addition of 3'-O-
methyl-GTP (not shown). At high DNA concentrations in vitro,
total transcription by Pol IT is typically not promoter-dependent
and occurs in the absence of a promoter (not shown). Consistent
with this behavior, duplex plasmid DNA stimulated a-amanitin-
dependent ubiquitination independent of the promoter se-
quence (not shown). Similarly, supercoiled and linearized plas-
mid were equally as effective in stimulating ubiquitination (not
shown).

Ubiquitination Is Induced by Arrest of Transcription on Cisplatin-
Damaged DNA. The above data strongly suggest that Pol II-DNA
complexes stalled during transcription are targeted for ubiquiti-
nation. To investigate a role for DNA damage in stimulating Pol
II ubiquitination, DNA templates containing lesions that arrest
transcription by Pol Il were added to the reaction. Plasmid DNAs
modified by cisplatin having an r, value (bound platinum to DNA
nucleotide ratio) of 0.055, or an average of one platinum adduct
per 18 DNA bases, were tested for induction of Pol II ubiquiti-
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Fig. 3. a-Amanitin induction of Pol Il ubiquitination is DNA-dependent.
Ubiquitination reactions with nuclear extracts from aphidicolin-treated cells
and His-Ub were titrated against increasing amounts of pUC118-296 (0-2.4
1g, lanes 3-12), and the effect of a-amanitin (a-am) was assayed. Reactions
were analyzed as described in the legend of Fig. 1, and immunoblots of total
(Upper) and Ni-NTA-bound proteins (Lower) against N20 are shown. Lanes 1,
untreated extracts; lanes 2, ubiquitination reaction containing 1 ug of DNA,
incubated in the absence of both His-Ub and a-amanitin.
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Fig. 4. Ubiquitination of Pol Il is induced to a similar extent by cisplatin-
modified DNA and a-amanitin. (a) The effects of a-amanitin and various
cisplatin-modified DNAs on Pol Il ubiquitination were examined in the in vitro
ubiquitination assay. Immunoblots of total (Upper) and bound (Lower) pro-
teins are shown. Lanes 1, untreated nuclear extracts. Lanes 2 and 3, ubiquiti-
nation reactions performed in the absence of DNA, with a-amanitin (a-am)
added where indicated. Lanes 4 and 5, 7 and 8, and 10 and 11, reactions
containing unmodified DNA with the addition of a-amanitin where indicated.
Lanes 6, 9, and 12, reactions containing cisplatinated DNA (cis). (b) In vitro
transcription reactions were performed simultaneously with pG5MLP-G380
containing a G380 cassette and pHIVATAR-G100 containing a G100 cassette.
Lane 1, transcription with unmodified DNA. Lane 2, transcription with cispla-
tinated pG5MLP-G380 but unmodified pHIVATAR-G100. Autoradiograph of
gel is shown.

nation. Reactions containing a-amanitin were also performed in
parallel for comparison of activities.

As observed earlier, ubiquitination of Pol IT LS was negligible
in a reaction lacking DNA or containing unmodified DNA (Fig.
4a, lanes 2-4). In contrast, ubiquitination was induced signifi-
cantly by each cisplatin-modified template (Fig. 4a, lanes 6, 9,
and 12), to levels similar to that induced by a-amanitin with
unmodified DNA (Fig. 4a, lanes 5, 8, and 11). This result
indicates that both cisplatin and «-amanitin induce ubiquitina-
tion in a similar fashion, probably by inhibiting elongation of Pol
II transcription on DNA. At this level of cisplatin modification,
transcription from cisplatinated DNA containing a 380-bp G-
less cassette (G380) was abolished, whereas transcription from
an unmodified DNA template with a 100-bp G-less cassette

(G100) was unaffected in the same reaction (Fig. 4b, lanes 1 and
2). Thus, the absence of transcript from the G380 cassette is
specific to cisplatin modification of the DNA, suggesting that
ubiquitination is induced by arrest of transcription attributable
to the lesions in the DNA. As with a-amanitin, ubiquitination
caused by cisplatin-modified DNA is independent of the pres-
ence of a specific promoter on the template DNA. Ubiquitina-
tion was observed with cisplatinated pUC19 DNA, albeit at a
lower level (Fig. 4a, lanes 11 and 12).

Dependence of Ubiquitination on Transcription. The transcription
dependence of the ubiquitination reactions was examined fur-
ther by using antibodies to a general transcription factor involved
in preinitiation complex assembly, namely TFIIB (28). Addition
of an antibody to TFIIB inhibited transcription (Fig. Sc, lane 3),
as indicated by disappearance of the transcript present in a
normal in vitro transcription reaction (Fig. 5c¢, lane 1). As
expected, addition of an antibody to c-myc had no effect on
transcription (Fig. Sc, lane 2). When the ubiquitination reaction
was tested in the presence of an anti-TFIIB antibody, the ability
of either a-amanitin or cisplatin-modified DNA to stimulate
ubiquitination was severely reduced (Fig. 5 a and b, bound
fractions, lanes 6 and 7) relative to a control without antibody
(Fig. 5 a and b, bound fractions, lanes 2 and 3). Ubiquitination
overall was unaffected by an antibody to c-myc (Fig. 5 a and b,
bound fractions, lanes 4 and 5). Analysis of the total extracts
revealed that phosphorylation of CTD was largely inhibited by
addition of antibody to TFIIB (Fig. 5 a and b, total, lanes 6 and
7). This behavior is probably a consequence of inhibition of
transcription initiation, which is accompanied by Pol II
phosphorylation.

Discussion

We report evidence for transcription-coupled and DNA-
damage-dependent ubiquitination of RNA Pol II in vitro. Ad-
dition of @-amanitin, an inhibitor of Pol II elongation, stimulates
ubiquitination of Pol II LS. Hyperphosphorylated Pol II is
ubiquitinated, consistent with an engagement in elongation. This
stimulation requires the addition of template DNA, also indi-
cating a dependence upon Pol II being engaged in transcription.
Moreover, addition of DNA templates containing cisplatin
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Fig. 5.

Stimulation of Pol ubiquitination by a-amanitin or cisplatin-modified DNA is suppressed by inhibiting transcription. (a) A typical ubiquitination reaction

was carried out in the absence (lane 2) or presence (lane 3) of a-amanitin (a-am). Corresponding reactions were performed with the addition of antibodies to
c-myc (lanes 4 and 5) or TFIIB (lanes 6 and 7). Figure shows immunoblots of total extracts (Left) and Ni-bound fractions (Right), which were developed with
antibodies against Pol Il LS (N20). The immunoblot of total extracts is shown at a lower exposure time than that for the bound proteins. Lanes 1 show untreated
nuclear extracts. (b) Ubiquitination reactions were performed in the presence of unmodified DNA (lane 2) or cisplatin-modified DNA (cisPt) (lane 3).
Corresponding reactions were conducted with the addition of the different antibodies, followed by immunoblotting as described for a. Lanes 1 show untreated
nuclear extracts. (c) In vitro transcription reactions using pG5MLP-G380 were performed in the absence (lane 1) and in the presence of an antibody to c-myc (lane
2) or TFIIB (lane 3). Reactions were analyzed as in Fig. 2b. Autoradiograph of gel is shown.

4242 | www.pnas.org/cgi/doi/10.1073/pnas.072068399

Lee et al.



adducts, which arrest transcription, stimulates ubiquitination of
Pol II LS as compared with reactions containing unmodified
templates. The transcription dependence of both a-amanitin and
cisplatin-induced ubiquitination was further demonstrated by
the abrogation of ubiquitination after addition of antisera to a
component of the transcription preinitiation complex, TFIIB.

Implications for Transcription-Coupled DNA Repair. Previous in vivo
experiments pointed to a possible role for ubiquitination of Pol
II in transcription-dependent DNA repair. Bregman et al. (10)
observed that Pol II was ubiquitinated upon DNA damage from
UV irradiation or cisplatin treatment of repair-competent cells
and that this ubiquitination was absent in TCR-deficient CS cells.
Our finding that ubiquitination is triggered by a-amanitin as well
as cisplatin-DNA adducts in vitro, both of which arrest transcrip-
tion, is consistent with a role for ubiquitination in the cellular
response to DNA damage. The transcription dependence of
ubiquitination in vitro suggests that components of the reaction
specifically recognize a form of Pol II generated by its arrest at
lesions or by a-amanitin. This same arrested complex may be a
key structure signaling TCR.

Only a small proportion of Pol is ubiquitinated (=5%) in a
reaction containing saturating levels of a-amanitin. Strikingly,
the levels of ubiquitination induced by a-amanitin and by DNA
with an average of one platinum adduct per 18 DNA bases (~1
platinum adduct per helical turn) are qualitatively similar.
a-Amanitin binds with high affinity (K4 = 108 to 10'1° M~1) (15)
to a conserved region of Pol IT LS (27). It is a very specific and
potent inhibitor of the elongating Pol II (14, 29). Biochemical
studies reveal that a-amanitin neither dissociates the Pol II-
DNA-RNA complex nor competes with nucleotide incorpora-
tion (14, 15). Rather, under conditions of elongation, it blocks
Pol II after formation of a phosphodiester bond, and probably
inhibits a transition in the conformation of Pol II required for its
movement along the DNA template (16, 17). Thus the binding
of a-amanitin may arrest the elongating Pol II in a transitional
conformation that is recognized by components in the reaction
specifying ubiquitination. Based on the similarities in ubiquiti-
nation of Pol II because of a-amanitin and cisplatin—-DNA
damage, the platinum lesion most likely also blocks translocation
of Pol II along the DNA, stabilizing a similar transitional
conformation. The major cisplatin—-DNA adduct is the intra-
strand crosslink between adjacent purine residues, with the
1,2-d(GpG) and 1,2-d(ApG) intrastrand crosslinks being the
predominant lesions (30). Both the 1,2-d(GpG) and 1,3-
d(GpTpG) adducts are efficient blocks to transcript elongation
in vitro (31, 32) and in vivo (33).

Evidence suggests that the inability to remove an RNA Pol 1T
stalled at a DNA lesion prevents access to repair enzymes, thus
enhancing the mutation rate. The same Pol II would also block
elongation by other Pol molecules and hence interfere with gene
expression. An RNA Pol IT stalled at a UV-induced cyclobutane
pyrimidine dimer prevented access of a small bacterial repair
protein in vitro (34). Human mutant cells impaired in TCR of
oxidative lesions, namely CSA and CSB, as well as subgroups of
xeroderma pigmentosum XPB, XPD, and XPG that show CS,
exhibit a high mutation frequency of 30-40% at an 8-oxoguanine
lesion compared with a normal level of 1-4% (35). TCR of
oxidative lesions, including thymine glycols, is also defective in
cells derived from brcal '~ mice (6) and the human breast
carcinoma cell line HCC1937 (7, 36), which harbors a mutation
of the BRCAI gene inherent in many incidences of breast and
ovarian cancer (37, 38). Transcription was not observed beyond
the 8-oxoguanine lesion on plasmid DNA transfected into the
XPG/CS and HCC1937 cells (35, 36). Further, TCR-deficient
CSA and CSB cells are more susceptible to apoptosis upon
U V-irradiation, perhaps because of the inefficient removal of
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RNA Pol IT at UV-induced lesions and subsequent blockage of
transcription (39).

The Cellular Signals Triggering Ubiquitination. Ubiquitination oc-
curs by covalent attachment of multiple ubiquitin molecules to
the protein substrate. This process is typically mediated by three
enzymes, the ubiquitin-activating enzyme E1, the ubiquitin-
conjugating enzyme E2, and the substrate-specific ubiquitin
ligase complex E3 (40, 41). Ubiquitination by E3 ligase is highly
regulated and, in many cases, substrate recognition requires
covalent modification—e.g., in the phosphorylation of I«B (42)
and B-catenin (43). Immunoblot analyses of whole cell extracts
from UV-irradiated/cisplatin-treated cells (10) and of Ni-
selected nuclear extracts from the in vitro ubiquitination assay
(this work) demonstrate that ubiquitinated RNA Pol II is
recognized by antibodies specific to phosphorylation of either
serine-2 or serine-5 of the CTD. Previous results using nuclear
extracts from growing cells indicated that a glutathione S-
transferase-CTD fusion protein was ubiquitinated in a kinase-
dependent manner (18), suggesting some modification of this
repetitive domain may be important for ubiquitination.

An interesting finding of the present work is that nuclear
extracts from cells arrested with drugs that affect DNA synthesis
in the G;/S phase exhibit significantly enhanced ubiquitination
activity relative to unsynchronized cells. The reason for this
behavior is unclear because ubiquitination of Pol II after DNA
damage is observed in vivo in unsynchronized cells (10), which
are primarily in the G; phase of the cell cycle. Of possible
relevance is that all three drug inhibitors activate or induce
proteins involved in repair of DNA damage. Included are the
DNA damage cell cycle checkpoint protein p53 (44—47), and the
breast cancer susceptibility protein BRCA1 (48), which in ad-
dition to transcription-coupled repair of oxidative damage (6, 7,
36) is involved in double-strand break DNA repair (49, 50). pS3
interacts with proteins involved in TCR, namely CSB, as well as
the XPB and XPD subunits of TFIIH (51), with the latter
interactions being important for induction of apoptosis (52).
BRCALI, on the other hand, undergoes phosphorylation and is
relocalized into replicating DNA structures upon treatment of
S-phase cells with hydroxyurea or DNA damaging agents (48).
BRCAL1 also interacts with RNA Pol II holoenzyme (53) and
contains a ring finger domain that interacts with the ring finger
domain of another protein, BARD1 (54). Ring finger domains
are generally involved in the ubiquitination pathway (55), and
BRCALI1 can facilitate E2-dependent ubiquitination in vitro (56).
BARDI, which colocalized with BRCA1 upon DNA damage
(48), enhances ubiquitination activity; a breast cancer-derived
cysteine mutation in the ring finger of BRCA1, which is deficient
in its interaction with BARDI, abolishes this activity (57). The
same mutant is defective as a tumor suppressor. The substrate
for ubiquitination by BRCAL is currently not known but may be
RNA Pol II (also see ref. 58).

Implications for the Cisplatin Mechanism of Action. Previous studies
revealed that specific architectural changes induced upon for-
mation of the major cisplatin 1,2-intrastrand DNA crosslinks
lead to binding of minor groove intercalating proteins including
HMGBI (59, 60) and TBP (61). Such processes inhibit nucleo-
tide excision repair (NER) in vitro (62) and retard NER in vivo
(63, 64), leaving the adducts intact for subsequent recognition
through arrest of Pol II elongation during TCR. The present
results suggest that ubiquitination of RNA Pol II may be an
important event in the repair of cisplatin damage. Because
removal of the stalled Pol II from the site of damage is critical
for repair, inhibition of ubiquitination of Pol II could well
enhance cell killing by cisplatin.
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